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We demonstrate reduced reflectance in curvilinear lamellar hyperbolic metamaterials as well as
planar hyperbolic metamaterials consisting of metal/dielectric multilayers, with scatterers
deposited on the top. The reduced reflectance is accompanied by a significant enhancement in
transmission along with non-reciprocity of transmittance in forward and backward propagating
directions. The observed experimental behavior is qualitatively similar to the results of numerical
solutions of Maxwell equations. The findings of this study pave the way to a variety of important
applications, including broadband enhancement of light trapping in photovoltaic devices. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4746387]
Engineered composite materials with sub-wavelength
inclusions, or metamaterials, have received widespread atten-
tion due to their ability to manipulate light in unconventional
ways, as exemplified by negative index of refraction,1–3
optical cloaking,4,5 and limitless focusing.6,7 Hyperbolic meta-
materials, also known as indefinite media,8 is an important
class of metamaterials, in which dielectric permittivities in
orthogonal directions have opposite signs.8–11 This property,
leading to a hyperbolic dispersion,12 enables propagation of
waves with nominally infinitely large wavevectors (which
extend to vacuum as evanescently decaying “tails”), and infi-
nite density of photonic states.13 Metamaterials with hyper-
bolic dispersion support and facilitate scores of unparalleled
phenomena including, but not limited to sub-diffraction
imaging,12,14,15 control of spontaneous emission,16–19 and per-
fect absorption.20
In this work, we report on the reduction of reflectance
from hyperbolic metamaterials, enabled by their curvilinear
shapes as well as scatterers placed on their surface. The
reduced reflectance is accompanied by an enhancement in
transmission along with non-reciprocity of transmittance in
forward and backward propagation directions.
The origin of the reduced reflectance can be understood
in terms of the Fermi’s golden rule, which predicts that the
rate of a transition and, correspondingly, the rate and the
directionality of light scattering are determined by the den-
sity of photonic states in the surrounding medium.20 If a
small scatterer is placed in the vicinity (of the order of sev-
eral tens of nanometers) of a hyperbolic metamaterial, an
incident light will be scattered preferentially inside the me-
dium, resulting in suppressed reflectance and diffuse scatter-
ing. However, a dilemma exists. If the scatterers deposited
on a plane hyperbolic metamaterial are small, they do not
scatter light efficiently; and if they are large, they are not
within the range of the metamaterial’s high density of states,
and the scattering inside the metamaterial is weak again.
Therefore, enabled by scatterers, reduction of reflectance in
a plane lamellar metal-dielectric metamaterial is expected to
be modest. Note that due to small thicknesses of lamellar
hyperbolic metamaterials (1 lm),17–19 roughening of their
surfaces by grinding, which was implemented in thick alu-
mina membranes,20 is not practical. Intuitively, a much
stronger reduction of reflection is predicted if a multilayered
metamaterial with hyperbolic dispersion is deposited on a
roughened surface or an array of scatterers.
In our studies, in the first series of experimental samples,
alternating layers of Ag and MgF2 were evaporated onto flat
glass substrates. The structures consisted of 14 layers (7 peri-
ods) of Ag and MgF2 films with the thicknesses 25 nm and
35 nm, respectively. The thickness measurements were done
using a DekTak-6 profilometer. The fabricated multilayered
metamaterials had hyperbolic dispersion (characterized by
negative dielectric permittivity in the direction parallel to the
layers and positive dielectric permittivity in the direction
perpendicular to the layers) at k 360 nm.19 Titanium diox-
ide (TiO2) nanopowder with a mean particle size of
330 nm (obtained from DuPont) was suspended in
dichloromethane (DCM), in concentration 7mg/mL, and de-
posited drop by drop onto lamellar metamaterial, silver, and
glass substrates, which were preheated to 70 C. After dry-
ing, the suspensions resulted in mono- and multi-layers of
TiO2 nanoparticles of varying filling factors.
In preparation of the second series of samples, an aque-
ous suspension of glass microspheres (11.6mg/mL) was
added (in the form of droplets) onto glass substrates, which
were preheated to 130 C. The diameters of glass micro-
spheres ranged from 2 to 10 lm. After drying, microspheres
formed monolayers (with high filling factor of 80%) and
occasionally double-layers of particles. A half of each
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sample was covered with Ag/MgF2 multilayers (three per-
iods or six periods in different experiments), while the
other half was covered with 200 nm Ag film. Silver and
Ag/MgF2 multilayers were also deposited on top of the same
glass substrates without glass microspheres. Thus, each sam-
ple had four areas: Ag/MgF2 metamaterial on microspheres,
Ag/MgF2 metamaterial on glass, Ag film on microspheres,
and Ag film on glass (Fig. 1(b)).
The transmittance and reflectance of all samples were
measured using a Lambda 900 UV-vis-IR spectrophotometer
equipped with an integrating sphere, at both front (side of
scatterers or coated microspheres) and back (rear side of a
glass substrate) illumination.
With increase of concentration of TiO2 nanoparticles on
top of flat metamaterials samples, the reflectance initially
decreased, from 90% to 65% (Fig. 2(a)), and then
increased again at even higher nanoparticle concentrations
(inset of Fig. 2(a)). This behavior is easy to understand quali-
tatively. In fact, at small nanoparticle concentrations, not the
whole area of the sample is covered, and the reduction of re-
flectance is modest. At higher concentration, corresponding
to approximately full coverage of a metamaterial with one
layer of nanoparticles, the scattering is stronger and the
reduction of reflectance is maximal. However, at even larger
concentrations of nanoparticles, they form multiple layers,
and a significant fraction of photons is scattered back before
reaching the metamaterial’s surface. Unsurprisingly, this
leads to an increase of the sample’s diffused reflectance.
The same nanoparticles were also deposited on a
200 nm silver film, but its reflectance reduced only by
5%—the effect partly caused by scattering to evanescent
modes of the metal (Fig. 2(a)). One should note that modest
reduction in reflectance off a hyperbolic metamaterial with
deposited TiO2 nanoparticles was accompanied by a stronger
(nearly twofold) enhancement of transmittance, measured in
2p solid angle at front illumination (from the side of nano-
particles), Fig. 2(b). The metamaterial’s reflectance at rear
illumination was comparable to that of a pure sample (with-
out nanoparticles). Correspondingly, scatterers caused non-
reciprocity of the sample’s transmittance in forward and
backward directions, Fig. 2(b). (This effect is possible in a
system with scatterers, which randomly change directions of
photon propagation.)
The reflectance and transmittance of metamaterials sam-
ples was modeled using COMSOL Multiphysics solver. Figure
3(a) shows the distribution of the absolute value of electric
field (color-coded map as well as profile on the right) at exci-
tation of a planar multilayered Ag/MgF2 metamaterial from
FIG. 1. (a) Schematic of a lamellar Ag/MgF2
hyperbolic metamaterial used in the experiments
(Ag 25 nm, MgF2 35 nm), with 330 nm TiO2
nanoparticles deposited on the top. (b) Sche-
matic of a microsphere-based sample containing
four principle areas: (1) multilayered metamate-
rial on top of microspheres, (2) multilayered
metamaterial on top of glass, (3) silver on top of
microspheres, and (4) silver on top of glass.
FIG. 2. (a) Reflectance spectra (at front illumination) of a silver film (trace 1), pure lamellar Ag/MgF2 metamaterial (15 layers, top layer is silver, trace 2), sil-
ver film with deposited TiO2 nanoparticles (trace 3), and lamellar metamaterial with TiO2 nanoparticles (trace 4). Inset: Dependence of reflectance of a lamel-
lar hyperbolic metamaterial (at k¼ 550 nm) as a function of concentration of TiO2 nanoparticles. (b) Transmittance spectra of a lamellar metamaterial sample
with deposited TiO2 nanoparticles, illuminated from the side of nanoparticles (trace 1) and from the side of substrate (trace 2). Trace 3—transmission spectrum
of the metamaterial without nanoparticles.
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the top at 8 incidence angle. One can see that light pene-
trates into a metamaterial as an evanescent wave, with char-
acteristic (intensity) skin depth equal to 23 nm. If a layer
of 200 nm spherical TiO2 nanoparticles is deposited on the
top of a metamaterial, light, following the Fermi’s golden
rule, is efficiently scattered inside the medium. However,
traveling waves do not come out from the sample through
the opposite flat side. Instead, only exponentially decaying
electric field intensity (with characteristic decay length
21 nm) is found on the back, Fig. 3(b). The situation
changes radically if an extra layer of spherical 100 nm TiO2
nanoparticles is added to the rear side of the metamaterial,
Fig. 3(c). In this case, nanoparticles on the front of the sam-
ple let light to enter the metamaterial, while nanoparticles on
the back let travelling waves to couple out with appreciable
transmission efficiency. (In the 2D COMSOL simulation, nomi-
nally spherical TiO2 nanoparticles were modeled as cylin-
ders. For the consistency of presentation, we refer to them as
spheres.)
The calculated specular reflectance spectra of the pure
metamaterial and the metamaterial with 200 nm nanopar-
ticles on the top are shown in Fig. 4(a) (traces 1 and 2). One
can see that addition of nanoparticles strongly reduces the
sample’s reflectance, in a qualitative agreement with the
experiment. Scatterers added to the bottom of the metamate-
rial (100 nm TiO2 nanoparticles) do not change the reflec-
tance significantly (Fig. 4(a), trace 3). At the same time,
shapes of the reflectance spectra are highly sensitive to the
sizes of nanospheres on the top of the sample (compare
traces 3 and 4 in Figure 4(a)).
Shapes of multi-spiked reflectance spectra are deter-
mined by resonances of hybridized nanosphere/metamaterial
modes. We infer that in experimental samples, size disper-
sion (ranging from 200 to 400 nm), not ideal spherical
shapes, and strong coupling of touching each other nanopar-
ticles smeared sharp features, resulting in nearly flat spectra
of Fig. 2(a).
The calculated transmittance of a pure metamaterial,
metamaterial with 200 nm TiO2 nanoparticles on the front
and 100 nm nanoparticles in the rear, illuminated from the
front, and the same metamaterial illuminated from the rear
are shown in Fig. 4(b). One can see that in agreement with
experiments, the transmittance of a pure metamaterial, which
is practically zero in the visible and infrared parts of the
spectrum, increases significantly with addition of nanopar-
ticles. The calculation also predicts non-reciprocity of trans-
mission, which details depend on the wavelength and
strengths of scattering centers on both sides of the
metamaterial.
The fact that an appreciable transmittance (much larger
than that predicted by COMSOL simulations, Fig. 4) was exper-
imentally observed even in the metamaterial samples without




) in (a) a pure Ag/MgF2 metamaterial (Ag on the top and at the bottom); (b) same as
in (a), with 200 nm TiO2 spheres placed on the top (with 88% linear coverage); and (c) same as in (b), with 100 nm spheres attached to the bottom. The meta-
material consisted of eleven Ag layers (25 nm) and 10 MgF2 layers (35 nm). The color bar shows natural logarithmic color coding. The same electric field dis-
tributions are plotted on the right of each color map. (The lines depict the spread of intensities at each (vertical) distance positions, which gives them a noisy
appearance.)
FIG. 4. (a) Calculated reflectance spectra of a lamellar Ag/MgF2 metamaterial with no nanoparticles (trace 1), with 200 nm TiO2 nanoparticles on the top (trace
2), with 200 nm nanoparticles on the top and 100 nm nanoparticles at the bottom (trace 3), and with 100 nm nanoparticles on the top and 200 nm nanoparticles
at the bottom (trace 4). (b) Calculated transmission spectra of the samples 1, 3, and 4 from (a).
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deposited nanoparticles can be explained by unintentional
roughness (r.m.s. 2.5 nm) and inhomogeneities of the
metamaterials’ layers. As noted above, because of not com-
plete correspondence of the experiment and the simplified
model assumptions, the agreement between the model and
the experiment could be only qualitative but not quantitative.
A significantly stronger reduction of reflectance was
observed in a metamaterial deposited onto glass micro-
spheres, Figs. 5(a) and 5(b). For a “front” side illumination
(the side of deposited metamaterial), a slightly stronger
effect (reduction down to 18%) was observed in a thin
metamaterial consisting of three pairs of Ag/MgF2 layers
rather than in a thicker metamaterial consisting of six pairs
of Ag/MgF2 layers, Fig. 5(a). Comparable results have been
observed at the “back” side illumination (the side of glass
substrate), although in this case a stronger reduction of re-
flectance was observed in the metamaterial consisting of six
Ag/MgF2 layers. Note that a substantial (down to 35%)
reduction of reflectance was observed when a 200 nm sil-
ver film was deposited on similar microspheres. This effect
could be partly caused by the sample’s transmittance and
partly by coupling light to evanescent lossy modes of silver.
We, thus, have demonstrated the predicted reduction of
reflectance in lamellar hyperbolic metamaterials. The effect
was stronger in curvilinear structures than in plane multi-
layered samples with deposited TiO2 scatterers. The reduc-
tion of reflectance was accompanied by a significant
enhancement of transmittance and non-reciprocity of the
samples’ transmission in forward and backward directions.
The results of COMSOL simulations were consistent with the
observed reduction in reflectance (in a flat hyperbolic meta-
material with deposited TiO2 nanoparticles) and also con-
firmed the effect of non-reciprocity in transmission. The
observed results pave the way for a variety of unparalleled
applications including broadband enhancement of light trap-
ping in photovoltaic devices.
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FIG. 5. (a) Reflectance spectra (front illumination) of a metamaterial con-
sisting of three pairs of Ag/MgF2 layers, deposited on a flat substrate (trace
1), and on glass microspheres (trace 2). Traces 3 and 4—same for a metama-
terial consisting of six pairs of Ag/Mg2 layers. Traces 5 and 6—same for a
silver film. (b) Scanning electron microscope (SEM) image of a lamellar
metamaterial deposited onto glass microspheres.
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